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A  theoretical  model  of  a  hybrid  power  generation  device  consisting  of  a  low  concentrated  photovoltaic 
(CPV)  module  and  a  thermoelectric  generator  (TEG)  is  established  in  this  paper.  The  expressions  for  the 
efficiency  and  power  output  of  the  hybrid  device  are  derived  and  the  performance  characteristics  of  the 
device  are  presented  and  discussed  in  detail,  based  on  non-equilibrium  thermodynamics  theory  and  law 
of  conservation  of  energy.  The  maximum  power  output  of  the  hybrid  device  is  calculated  numerically  and 
the  load  electric  resistances  of  the  CPV  and  TEG  are  determined  optimally.  The  influences  of  several 
important  factors  such  as  the  thermal  conductance  between  the  CPV  and  the  TEG,  the  current  of  the  CPV, 
the  solar  irradiation,  the  concentrating  ratio  and  the  figure  of  merit  of  the  TEG  on  the  power  output  of  the 
hybrid  device  are  analyzed.  It  is  found  that  there  exist  certain  optimum  criteria  for  some  important 
parameters.  The  results  obtained  here  may  provide  some  useful  criteria  for  the  optimal  design  and 
performance  improvements  of  a  typical  irreversible  CPV-TEG  hybrid  device  and  other  similar  hybrid 
system  as  well. 

©  2013  Elsevier  Masson  SAS.  All  rights  reserved. 


1.  Introduction 

Energy  is  the  foundation  of  national  economic  development 
and  the  construction  of  modern  civilization.  Due  to  growing 
concerns  about  global  fossil  energy,  environment  and  climate,  the 
research  and  development  of  renewable  clean  energies  has 
received  more  and  more  attention.  Solar  energy  is  one  of  the  most 
important  clean  energy  and  solar  photovoltaic  (PV)  module  is 
currently  one  of  the  most  important  components  in  solar  energy 
applications.  The  PV  industry  of  silicon  solar  cells  has  obtained 
rapid  development  in  recent  years.  However,  the  high  cost  of  high 
purity  silicon  materials  and  its  tedious  manufacture  process  and 
the  limited  efficiency  of  solar  energy  conversion  have  hindered  its 
massive  applications  [1].  Using  optical  concentrators  such  as 
parabolic  dishes  and  lenses  to  concentrate  sunlight  on  PV  cells  in 
order  to  increase  the  intensity  of  incident  irradiation  is  one 
method  used  to  acquire  more  power  per  unit  of  area  of  PV  cells 
[2].  Nevertheless,  only  a  small  fraction  of  the  incident  to  the  PV 
cell  sunshine  is  converted  into  electrical  energy.  In  the  cell,  most  of 
the  incident  energy  of  the  sun  will  be  converted  into  thermal 
energy  and  may  cause  the  junction  temperature  rise  unless  the 
heat  is  effective  dissipated  to  the  environment  [3].  What’s  more, 
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CPV  systems  may  suffer  from  a  drop  in  efficiency  with  the  rise  in 
temperature  due  to  increased  resistance  [2,3].  Photovoltaic/ther¬ 
mal  (PV/T)  is  the  most  common  active  cooling  method  and  can 
simultaneously  provide  electricity  and  heat  [4-8].  Therefore,  it 
can  achieve  higher  conversion  efficiency  of  the  absorbed  solar 
radiation  than  that  of  the  standard  PV  module.  When  properly 
designed,  PV/T  systems  can  extract  heat  from  PV  modules,  heating 
water  or  air  to  reduce  the  operating  temperature  of  the  PV  mod¬ 
ules  and  keep  the  electrical  efficiency  at  a  sufficient  level  [9].  In 
addition,  it  has  been  proposed  to  use  the  thermal  waste  by 
attaching  thermoelectric  generators  (TEG)  to  the  back  of  PV 
modules,  to  form  a  CPV-TEG  hybrid  device  [10].  Due  to  the 
temperature  difference  between  the  back  side  of  the  PV  module 
and  the  environment,  the  additional  electricity  can  be  generated 
by  the  TEG  and  the  efficiency  of  the  hybrid  device  may  be 
improved. 

The  theory  and  technology  of  PV— TEG  have  been  discussed  and 
developed  extensively  during  the  past  years  [10-27].  Van  Sark  [10] 
and  Wang  et  al.  21  ]  proposed  to  use  the  thermal  waste  by  attaching 
the  TEG  to  the  back  of  PV  modules  for  energy  harvesting  and 
investigated  theoretically  and  experimentally  the  performance  of 
the  hybrid  devices.  Vorobiev  etal.  [7],  Kraemeret  al.  [17]  and  Xingju 
et  al.  [22]  mentioned  and  developed  a  spectrum  splitting  PV-TEG 
hybrid  system  and  shown  that  this  hybrid  system  could  help 
maximize  the  conversion  efficiency.  Zhang  and  Chau  [19,20] 
designed  and  implemented  PV— TEG  hybrid  systems  for  hybrid 
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electric  vehicles  based  on  TEG  can  collect  waste  heat  of  internal 
combustion  engines  and  solar  cells  for  converting  solar  energy.  The 
results  provide  useful  information  for  developing  energy  policies 
and  estimating  their  environment  impacts. 

However,  so  far,  there  have  been  few  theoretical  performance 
analysis  and  optimization  for  the  CPV— TEG  hybrid  device.  Thus,  in 
the  present  paper,  we  will  construct  a  new  irreversible  hybrid 
device  composed  of  a  low  concentrating  photovoltaic  module  and 
a  semiconductor  thermoelectric  generator  which  can  conveniently 
utilize  the  waste  heat  produced  in  a  CPV  module.  Based  on  the 
current  models  of  the  PV  module  and  thermoelectric  generator, 
some  expressions  for  some  key  parameters  in  the  hybrid  device 
are  derived.  The  performance  characteristics  of  the  hybrid  system 
are  revealed.  The  effects  of  the  thermal  conductance  between  the 
CPV  and  the  TEG,  the  concentrating  ratio,  and  the  dimensionless 
figure  of  merit  of  the  TEG  on  the  performance  of  the  hybrid  device 
are  analyzed  in  detail.  The  optimum  criteria  of  some  main  per¬ 
formance  parameters  are  determined.  Some  significant  results  are 
obtained. 

2.  A  theoretical  model  of  an  irreversible  CPV-TEG  hybrid 
device 

The  hybrid  device  considered  here  is  consisted  of  a  concentrator, 
a  PV  module,  and  a  TEG  module,  as  shown  in  Fig.  1,  where  Ru  and 
Ru  are,  respectively,  the  load  resistances  of  CPV  module  and  TEG,  T 
is  the  temperature  of  CPV,  TH  and  TL  are,  respectively,  the  temper¬ 
atures  of  the  hot  side  and  the  cold  side  of  TEG  module.  In  this  hybrid 
device,  the  CPV  module  acts  as  the  high-temperature  heat  reservoir 
of  the  TEG  module  for  a  further  production  of  power.  By  using  such 
a  hybrid  device,  the  heat  produced  in  the  CPV  can  be  availably 
utilized,  and  thus,  the  performance  of  the  system  can  be  improved 
further.  In  the  following,  we  will  analyze  the  performance  of  two 
composing  parts,  the  CPV  module,  and  TEG  module,  respectively, 
and  then  synthetically  investigate  the  performance  characteristics 
of  the  hybrid  device. 


R 


L2 


2.1.  The  power  output  and  efficiency  of  CPV  module 

The  CPV  module  consists  of  a  concentrator  to  concentrate  the 
sunlight  and  a  PV  module,  as  shown  in  Fig.  1.  The  concentrated 
sunlight  is  focused  on  the  PV  module.  The  energy  balance  for  the 
absorptive  surface  of  the  PV  module  yields  [23,25], 

CGVW  =  Qin  +  £<Mpv  (t4  -  T4)  +  hApV(T  ~T0)  (1 ) 

where  Q.in  is  the  energy  transferred  to  the  PV  module  per  unit  time, 
C  is  the  optical  concentration  ratio,  G  is  the  solar  irradiation,  tj o  is 
the  optical  efficiency  of  the  concentrator,  APV  is  the  area  of  PV 
module,  e  is  the  emittance  of  the  selective  surface  facing  the 
incoming  solar  radiation,  h  is  the  heat  transfer  coefficient  of  the  PV 
surface,  a  is  the  Stefan-Boltzmann  constant,  T  is  the  temperature  of 
the  PV  module,  and  To  is  the  ambient  temperature. 

It  is  assumed  that  a  PV  module  can  be  represented  by  an 
irradiance-dependent  current  source  in  parallel  with  a  diode  18]. 
The  equivalent  circuit  of  a  PV  module  is  shown  in  Fig.  2.  The  I—V 
characteristic  is  determined  by  the  following  equation  [18,28]: 


/  —  Upli  —  np/o 


Ml  -  Ms 


exp 


~q(V  +  lR  s) 

AI<bTns 


(2) 


where  /,  Ii,  /o  and  Is  are,  respectively,  the  PV  array  output  current, 
the  photocurrent,  the  diode  reverse  current  and  the  diode  reverse 
saturation  current,  q  is  the  charge  of  an  electron,  Rs  is  the  intrinsic 
series  resistance  of  the  PV  cell,  I<b  is  the  Boltzmann  constant,  np  and 
ns  are,  respectively,  the  number  of  cells  in  parallel  and  in  series,  and 
A  is  the  diode  ideality  factor  [29,30],  which  can  all  be  dependent  on 
bias  voltage  and  temperature.  It  is  an  indicator  of  the  behavioral 
proximity  of  the  device  under  test,  to  an  ideal  diode.  For  an  ideal 
diode,  A  is  however  constant  and  usually,  has  a  value  between  1  and 
2  [31]. 

In  general,  the  photocurrent  Ii  depends  on  the  solar  radiation 
and  the  cell  temperature.  It  can  be  expressed  as  [18,22,28], 


IL'm^-\CISCR  +  I<l{T-Tr)}  (3) 

where  Tr  and  Gr  are,  respectively,  the  PV  cell  reference  temperature 
and  solar  irradiation,  /Scr  is  the  cell  short-circuit  current  at  refer¬ 
ence  temperature  and  radiation,  and  I<\  is  the  short-circuit  current 
temperature  coefficient.  In  addition,  the  PV  cell  reverse  saturation 
current  Is  varies  with  temperature  and  is  given  by  Refs.  [18,22,28], 


Is 


(4) 


Fig.  1.  A  schematic  diagram  of  the  CPV-TEG  hybrid  device. 


Fig.  2.  Equivalent  circuit  of  a  PV  cells. 
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where  Eg  and  Jr  are  the  band-gap  energy  of  the  semiconductor 
materials  used  in  the  PV  cell  and  the  reverse  saturation  current  at 
Tr,  respectively. 

According  to  the  equation  above  and  Fig.  2,  the  power  output 
and  the  efficiency  of  CPV  module  are,  respectively,  given  by 

Ppv  =  TRu  (5) 


respectively.  To  be  sure,  n-type  and  p-type  materials  don”t  have  the 
same  transport  properties.  In  this  paper,  eleven  commercial  CP2- 
127-06  Melcor  thermoelectric  modules  are  chosen  as  the  TEG 
module  in  Fig.  1  and  its  main  parameters  are  shown  in  Table  2 
[36,37].  In  general,  a,  k  and  p  of  a  semiconductor  element  are 
changing  with  the  operating  temperature.  They  can  be  calculated 
using  equations  below  as  [36,37] 


and 

„  =  PPV  =  l2RU  (fiN 

Vpv  CGApWo  CGAPvVo  W 

In  the  present  article,  the  Siemens  SP75  PV  cell  using  the  poly¬ 
crystalline  technology  is  chosen  as  the  PV  module  in  Fig.  1  and  its 
main  parameters  are  shown  in  Table  1. 


ap-an  = 

(44448.0  +  1861. 2Tm  -  1.981T^, 

)  x  1(T9 

(9) 

kp  +  /<n 

(125210  -  555.4Tm  +  0.8262 T%() 

x  1CT4 

(10) 

and 

Pp  +  Pn  = 

(l0224.0  +  326. 8Tm  +  1.2558T^) 

x  1(T10 

(11) 

2.2.  The  power  output  of  a  multi-couple  TEG 

Heat  can  be  used  to  generate  electricity  based  on  the  Peltier  and 
Seebeck  effects  of  thermoelectric  materials.  A  TEG  which  converts 
part  of  an  amount  of  heat  absorbed  directly  into  electrical  power  is 
just  one  of  the  power  sources  of  unconventional  nature  which  are 
being  pursued  vigorously  in  research  and  development.  The  basic 
unit  of  a  TEG  is  composed  of  an  n-type  semiconductor  element  and 
a  p-type  semiconductor  element.  The  lower  part  of  Fig.  1  shows  a 
schematic  diagram  of  a  multi-couple  TEG  module,  which  involves  a 
large  number  of  semiconductor  elements  connected  electrically  in 
series  by  metal  strips  and  thermally  in  parallel.  It  is  assumed  that 
Qh  and  QL  are,  respectively,  the  net  rate  of  heat  input  from  the 
source  to  the  thermoelectric  device  and  the  net  rate  of  heat  rejec¬ 
tion  from  the  thermoelectric  device  to  the  heat  sink  and  the  current 
within  the  TEG  module  is  to  flow  in  one  dimension.  From  Fig.  1,  one 
obtains  the  heat  balance  equations  as  [26,32-35] 

Qh  =  «/te7h  -  ^eR  +  I<(Th  -  TL)  (7) 

and 

Ql  =  aITETL  +  1/2eR  +  I<(Th  -  TO  (8) 


respectively,  where  Tm  =  (Th  +  Tl)/ 2  is  the  average  temperature  of  a 
TEG  module. 

Using  Eqs.  (7)  and  (8),  the  power  output  of  a  multi-couple  TEG 
can  be  given  by  Refs.  [26,32-35] 

^te  =  Qh  -  Ql  =  Jte[^(Th  -  ^l)  -  IjER]  =  IjERu-  (12) 

Appling  Eq.  above,  /te  can  be  expressed  as 


Jte 


a(Tu  -  IL) 
R  +  Ri2 


(13) 


Thus,  the  power  output  of  a  multi-couple  TEG  can  be  rewritten 
as 


^TE 


(14) 


where  Z  =  a2l(I<R)  and  j  =  hEalI<  are  the  figure  of  merit  and  the 
dimensionless  current  of  the  TEG,  respectively.  It  is  seen  clearly 
from  Eq.  (14)  that  only  when  0  <  j<Z(Th  -  Tl),  can  the  TEG  in  the 
hybrid  device  begin  to  work  as  a  generator  with  the  power  out 
Pte  >  0. 


2.3.  The  power  output  and  efficiency  of  hybrid  device 


where  a  =  N{ap  -  an),  R  =  N(pp/p/Sp  +  pn/n/Sn )  and  I<  =  N(/<PSP/ 
lp  +  knSnfin)  are,  respectively,  the  total  Seebeck  coefficient,  electrical 
resistance  and  thermal  conductance  of  a  multi-couple  TEG,  k  is  the 
thermal  conductivity,  p  is  the  electrical  resistivity,  N  is  the  total 
number  of  couples,  Jte  is  the  working  electrical  current,  /  and  S  are 
the  length  and  cross-sectional  area  of  a  semiconductor  element, 
and  the  subscripts  n  and  p  designate  the  n-  and  p-type  elements, 


Table  1 

Parameters  of  Siemens  SP75  photovoltaic  cells. 


Parameter 

Symbol 

Value 

Maximum  output  power 

Anax 

75  W 

Short-circuit  current 

JSCR 

4.8  A 

Open  circuit  voltage 

VOC 

21.7  V 

Diode  ideality  factor 

A 

1.5 

Short-circuit  current  temperature  coefficient 

I<i 

2.06  mA  K1 

Reverse  saturation  current  at  reference  temperature 

Ar 

0.118  pA 

Area  of  PV  module 

APV 

0.6324  m2 

Number  of  strings  in  parallel 

np 

1 

Number  of  cells  in  series 

ns 

36 

Band-gap  energy  of  the  semiconductor 

1.12  eV 

Reference  temperature 

Tr 

300  I< 

Reference  solar  irradiation 

Gr 

1000  Wm~2 

Assuming  the  heat  transfer  between  the  CPV  and  the  hot  side  of 
the  TEG  module  obeys  Newton’s  law  [26],  one  can  obtain  the  rate  of 
heat  exchange  from  the  CPV  to  the  TEG  as 

Qh  =  UhAh(T-TH)  (15) 

where  Uh  and  Ah  are  the  overall  heat-transfer  coefficients  of  the 
heat  exchangers  at  the  hot  side  and  heat-transfer  area  of  the  hot 
junctions  of  a  multi-couple  TEG,  respectively. 

There  are  two  forms  of  the  waste  heat  from  the  CPV.  One  part  is 
transferred  to  the  hot  junction  of  the  TEG  from  the  CPV  and  the 


Table  2 

Parameters  of  CP2-127-06  Melcor  thermoelectric  module  [35,36]. 


Seebeck  coefficient  of  a 

ap  -  an 

(44448.0  +  1861.2Tm  -  1.981T2,)  x 

TE  couple 

10-9  vr1 

Electrical  resistivity  of  a 

Pp  +  Pn 

(10224.0  +  326.8Tm  +1  .2558 T2,)  x 

TE  couple 

10"10  Qm 

Thermal  conductivity  of  a 

kp  +  kn 

(125,210  -  555.4Tm  +  0.8262 7^)  x 

TE  couple 

10“4  Witt1  K1 

Geometry  characteristics 

Sp/lp  =  Sn/ln 

2.96  x  10  3  m 

Total  number  of  couples 

N 

127 
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other  part  called  heat  leak  is  directly  released  to  the  environment 
due  to  heat  exchange  between  the  TEG  and  surroundings.  When 
heat  transfer  between  the  TEG  and  surrounding  obeys  a  linear  law, 
one  has 


Qloss  =  ^o(Th  -  To) 


(16) 


where  K o  is  the  overall  heat  leak  coefficient  including  conduction, 
convection  and  radiation.  Based  on  the  first  law  of  thermodynamic, 
the  heat  flow  rate  from  the  CPV  to  the  TEG  may  be  expressed  as 


Qh  =  Qin  -  PPV  -  Qloss  O7) 

Substituting  Eqs.  (1),  (5),  (7),  (13)  and  (16)  into  Eq.  (17),  one  can 
obtain  the  energy  balance  for  the  TEG  module  as 


ZCTh-Tl)2 

2(1+KL2/R)2 


ZThTh-Ti)  APVr  /4  4\ 

n+RL2/R)  +  it [CCri° - fHT  ~T°) 

h(T  -  T0)]  - ^ -  (7h  -  Tl)  -y(Th~  To)  =  0 

(18) 


Similarly,  substituting  Eqs.  (1),  (5),  (15)  and  (16)  into  (17)  gives 


APV  [CGV o  -  «t(t4  -  To')  -  h(T  -  T„)]  -  I2Ru  ~  K0 (TH  -  T„) 
-UhAh(T-TH)  =  0 

(19) 

Using  Eqs.  (18)  and  (19),  one  can  determine  the  temperatures  T 
and  Th  for  different  load  resistances  Ru  of  CPV  and  load  resistances 
R\2  of  TEG  module.  By  using  Eqs.  (5),  (14),  (18)  and  (19),  the  ex¬ 
pressions  of  the  power  output  and  efficiency  for  the  hybrid  device 
may  be  derived  as  follows 


P  =  Ppv  +  PTE  =  TRu  +  ICTi  [(Th/Tl  -11/-  j2/(ZT l)]  (20) 


P  _  TRu+KTL[(TH/TL--l)j-j2/(ZTL)] 

71  CCApWo  CGApvVo  1  1 

Using  Eqs.  (18)— (20),  one  can  analyze  and  optimize  the  perfor¬ 
mance  characteristics  of  the  hybrid  device. 


3.  The  performance  characteristics  and  optimal  performance 
of  hybrid  device 

It  is  seen  from  Eqs.  (20)  and  (21)  that  the  performance  of  the 
hybrid  device  depends  on  a  series  of  thermodynamic  and  thermo¬ 
electric  parameters  such  as  the  working  temperature  T,  current  /, 
optical  concentration  ratio  C,  emittance  e  and  area  7W  in 
the  CPV,  the  figure  of  merit  Z,  thermal  conductance  I<  and  dimen¬ 
sionless  current  j  in  the  TEG  and  so  on.  Below  numerical  calculations 
are  carried  out  based  on  the  parameters  summarized  in  Tables  1  and 
2.  The  values  of  these  parameters  kept  constant  unless  mentioned 
specifically  as  follows:  770  =  0.95,  e  =  0.85, 

a  =  5.67  x  1(T8W  itT2  K“4,  K0/K  =  0.8,  Sp//p  =  Sn//n  =  2.96  x  10“3  m, 
N  =  127,  Tl  =  300  K  and  T0  =  300  K. 

Using  Eqs.  (2)-(4),  (18)-(20),  and  data  in  Tables  1  and  2,  one 
can  generate  the  curves  of  the  power  output  of  the  CPV  and 
hybrid  device  varying  with  the  current,  as  shown  as  Fig.  3,  where 
RL2/R  =  1,  Sp/lp  =  Sn/fn,  G  =  800  W  m-2,  C  =  5  and  ZTL  =  1.0. 
Similarly,  one  can  plot  the  curves  of  the  dimensionless  current 
and  the  working  temperature  varying  with  the  current,  as  shown 
in  Figs.  4  and  5,  where  the  values  of  the  parameters  Ru/R, 

C,  G  and  ZTL  are  the  same  as  those  used  in  Fig.  3.  It  can  be  seen 


> 

a. 

CL 


1(A) 


(b) 


1(A) 


(C) 


Fig.  3.  The  curves  of  the  power  output  of  the  hybrid  device,  and  CPV  varying  with  the 
current  for  some  given  parameters:  (a)  G  =  800  W  m-2,  C  =  5,  ZJL  =  1.0,  Ru/R  =  1,  and 
LVlh  =  100  W  K1, 110  W  K1  and  120  W  K1,  (b)  G  =  800  W  m“2,  tVlh  =  120  W  K-1, 
ZTl  =  1.0,  Ru/R  =  1,  and  C  -  3,  4  and  5,  and  (c)  G  =  800  W  m"2,  C  =  5, 
1/iA  =  120  W  K1,  Ru/R  =1  ,  and  ZTL  =  0.6,  0.8  and  1.0. 


from  Fig.  3  that  the  power  output  P  first  increases  and  then 
decreases  as  the  current  /  is  increased.  It  clearly  shows  that  there 
are  local  optimal  values  of  the  current  /  at  which  the  power 
output  P  attains  its  local  maximum  value  for  a  given  set  of 
operating  parameters.  Thus,  the  optimal  current  Ip  is  an  impor¬ 
tant  performance  parameters  of  a  CPV-TEG  hybrid  device. 
Fig.  3(b)  shows  that  the  larger  the  optical  concentration  ratio  C  is, 
the  larger  the  maximum  power  output  Pmax  and  corresponding 
optimal  current  Ip.  This  implies  that  in  order  to  improve  the 
performance  of  the  hybrid  device,  the  optical  concentration  ratio 
should  be  improved.  It  can  be  seen  from  Fig.  4  that  the  dimen¬ 
sionless  current  j  is  not  a  monotonic  function  of  the  current  /  of 
the  CPV  and  there  exists  a  minimum  jm jn  for  a  given  current  Ip. 
The  dimensionless  current  j  will  increase  with  thermal  conduc¬ 
tance  UhAh  between  the  CPV  and  the  TEG,  concentrating  ratio  C 
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(a) 


(c) 


Fig.  4.  The  curves  of  the  dimensionless  current  varying  with  the  current,  where  the 
values  of  the  parameters  Ru/R,  tV\h,  C,  G  and  ZIL  are  the  same  as  those  used  in  Fig.  3. 


(a) 


(c) 


Fig.  5.  The  curves  of  the  working  temperature  varying  with  the  current,  where  the 
values  of  the  parameters  Ru/R,  ty\h,  C  G  and  ZIL  are  the  same  as  those  used  in  Fig.  3. 


and  figure  of  merit  of  the  TEG  ZTL-  Fig.  5  shows  that  the  operating 
temperature  T  of  the  CPV  module  will  decrease  with  increasing 
thermal  conductance  fVhi  and  figure  of  merit  ZTL  of  the  TEG 
module  and  will  increase  with  concentrating  ratio  C.  It  can  also 
be  seen  from  Fig.  3(a)  and  (c)  that  for  some  given  parameters,  the 
larger  the  UhA h  and  ZTL  are,  the  better  the  performance  of  the 
hybrid  device.  Fig.  3  also  shows  that  the  performance  of  the 
hybrid  device  than  that  of  the  CPV  device  is  improved 
significantly. 

In  addition,  it  can  be  seen  from  Figs.  3-5  that  in  the  region  of 
/  >  7P,  both  the  power  output  and  the  efficiency  of  the  hybrid  device 
will  decrease  as  the  current  /  is  increased  for  a  given  CG.  Obviously, 
the  region  of  /  >  Ip  is  not  the  optimal  operating  region  of  the  hybrid 
device.  Thus,  according  to  operating  condition  of  the  TEG,  the 
optimal  operating  regions  of  the  current  I  and  the  dimensionless 
current  j  for  the  CPV-TEG  hybrid  device  should  be  determined  by 


I  <  IP  (22) 

and 

jp<j<Z(TH-TL)  (23) 

According  to  the  optimum  criterions  of  the  current  /,  dimen¬ 
sionless  current;  and  Figs.  3-5,  one  can  further  determine  the  op¬ 
timum  regions  for  the  power  output  and  operating  temperature  as 

Po  <  P  <  fmax,  (24) 

and 

^min  <  T  <  Toper,  (25) 
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Fig.  6.  The  variation  of  the  power  output  P  with  respect  to  Ru  and  RL2  for  some  given 
parameters,  where  G  =  800  W  m-2,  U^Ah  =  120  W  K-1  and  C  =  5  are  chosen.  The  other 
given  parameters  are  the  same  as  those  used  in  Fig.  3. 


where  P0  and  Toper  are,  respectively,  the  power  output  of  the  hybrid 
device  and  the  operating  temperature  of  the  CPV  module  when  the 
current  of  the  CPV  module  is  equal  zero.  It  is  clearly  seen  from  Fig.  3 
that  in  the  optimally  operating  region,  the  power  output  and  effi¬ 
ciency  of  the  hybrid  device  are  always  larger  than  those  the  CPV 
module  or  TEG  module.  It  shows  once  again  that  the  application  of 
the  hybrid  device  may  effectively  improve  the  performance  of  the 
CPV  system.  This  indicates  that  the  hybrid  system  be  more  effective 
in  the  use  of  solar  energy  and  improves  the  conversion  efficiency  of 
solar  energy. 

In  order  to  understand  further  the  general  performance  char¬ 
acteristics  of  the  hybrid  device,  Eqs.  (2)— (4),  (18)-(20),  and  data  in 
Tables  1  and  2  can  be  used  to  plot  a  three-dimensional  graph  (P,  PLi, 
Pl2),  and  the  maximum  power  output  Pmax,  corresponding  optimal 
efficiency  r)m  and  load  matching  versus  CG  curves,  as  shown  in 
Figs.  6—8.  It  is  seen  from  Fig.  6  that  the  power  output  of  the  hybrid 
device  first  increases  and  then  decreases  as  Rli  and  RL2  increase.  It 
shows  clearly  that  there  are  the  optimal  values  of  Rli  and  Ru  at 
which  the  power  output  attains  its  maximum  value  for  some  given 
parameters.  For  example,  when  CG  =  4000  W  m”2  and  data  in 
Tables  1  and  2  are  used,  the  maximum  power  output  of  the  hybrid 
device  occurs  at  Pnopt  =  0.72  Q  and  ffoopt  =  9.60  Q.  For  different 
choices  of  CG,  Ru  opt  and  ffeopt  will  have  different  optimal  values 
and  the  maximum  power  output  will  also  be  different.  It  can  be 
seen  from  Figs.  7  and  8  that  the  Pmax  and  ffeopt  are  monotonically 


CG  (WrrT2) 

Fig.  7.  The  curves  of  the  maximum  power  output  Pmax  and  corresponding  optimal 
efficiency  r]m  varying  with  CG,  where  some  given  parameters  are  the  same  as  those 
used  in  Fig.  3. 


CG  (Wm’2) 

Fig.  8.  The  optimal  load  matching  Pli opt  and  ifoopt  varying  with  CG,  where  some  given 
parameters  are  the  same  as  those  used  in  Fig.  3. 


increasing  function  of  G,  while  Pn0pt  is  a  monotonically  decreasing 
function  of  G.  Fig.  7  shows  that  the  efficiency  at  the  maximum 
power  output  first  increases  and  then  decreases  as  CG  is  increased. 
It  clearly  shows  that  there  exists  an  optimum  value  for  CG  at  which 
7]m  attains  its  maximum,  i.e.,  (^m)max.  It  is  seen  the  curves  in  Fig.  7 
that  when  rjm  <  (l7m)max*  there  are  two  corresponding  CG  for  given 
some  parameters,  where  one  is  smaller  than  (CG)m  and  the  other  is 
larger  than  (CG)m.  For  a  practical  generator,  one  always  hopes  to 
obtain  the  power  output  as  large  as  possible  in  the  same  efficiency. 
Thus,  a  photovoltaic-thermoelectric  hybrid  devices  should  be 
operated  in  the  following  region: 

CG  >  (CG)m  (26) 

Obviously,  Eq.  (26)  may  provide  an  important  criterion  for  dis¬ 
tinguishing  whether  a  CPV-TEG  hybrid  device  is  operated  in  the 
optimal  states. 

4.  Conclusions 

With  the  help  of  the  model  of  a  CPV-TEG  hybrid  system 
including  multi-irreversibilities  such  as  conduction  and  radiation 
heat  losses  in  the  concentrator,  heat  leak  from  the  CPV  to  the 
environment,  finite-rate  heat  transfer  between  the  CPV  and  TEG, 
expressions  for  the  power  output  and  efficiency  of  the  hybrid  sys¬ 
tem  are  derived,  from  which  the  general  performance  character¬ 
istics  of  the  hybrid  system  are  revealed  and  the  optimum  criteria  of 
some  important  parameters  are  determined.  It  can  be  found  that 
the  CPV-TEG  hybrid  generator  system  can  provide  not  only  more 
electric  power  but  also  higher  efficiency  than  a  CPV  or  TEG.  The 
results  obtained  here  may  provide  some  theoretical  basis  for  the 
optimal  design  and  operation  of  practical  CPV-TEG  hybrid  power 
generation  system. 
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